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(IIHFWLYH DEVRUSWLRQ FRUUHFWLRQ IRU HQHUJ\ GLVSHUVLYH
;-UD\ PDSSLQJ LQ D VFDQQLQJ WUDQVPLVVLRQ HOHFWURQ
PLFURVFRSHDQDO\]LQJWKHORFDOLQGLXPGLVWULEXWLRQLQ
URXJKVDPSOHVRI,Q*D1DOOR\OD\HUV 
 
;:DQJ0-3&KDXYDW35XWHUDQDDQG7:DOWKHU 
 
'HSDUWPHQWRI(OHFWURQLFDQG(OHFWULFDO(QJLQHHULQJ8QLYHUVLW\RI6KHIILHOG1RUWK
&DPSXV*HRUJH3RUWHU%XLOGLQJ6KHIILHOG6+48. 
 
&,0$3805&156-(16,&$(1-&($-8&%1&DHQFHGH[)UDQFH 
 
(PDLOWZDOWKHU#VKHIILHOGDFXN 
 
$EVWUDFW 
 
:H KDYH DSSOLHG RXU SUHYLRXV PHWKRG RI VHOI-FRQVLVWHQW N-IDFWRUV IRU DEVRUSWLRQ
FRUUHFWLRQLQHQHUJ\-GLVSHUVLYH;-UD\VSHFWURVFRS\WRTXDQWLI\WKHLQGLXPFRQWHQWLQ
;-UD\PDSVRIWKLFNFRPSRXQG ,Q*D1OD\HUV7KHPHWKRGDOORZVXVWRTXDQWLI\WKH
LQGLXP FRQFHQWUDWLRQ ZLWKRXW PHDVXULQJ WKH VDPSOH WKLFNQHVV GHQVLW\ RU EHDP
FXUUHQW DQG ZRUNV HYHQ LI WKHUH LV D GUDVWLF ORFDO WKLFNQHVV FKDQJH GXH WR VDPSOH
URXJKQHVVRUSUHIHUHQWLDOWKLQQLQJ7KHPHWKRGLVVKRZQWRVHOHFWSRLQW-E\-SRLQWLQD
WZR-GLPHQVLRQDO VSHFWUXP LPDJH RU PDS WKH N-IDFWRU IURP WKH ORFDO *D ./
LQWHQVLW\ UDWLR WKDW LV PRVW DSSURSULDWH IRU WKH FRUUHVSRQGLQJ VDPSOH JHRPHWU\
GHPRQVWUDWLQJ LW LV QRW WKH VDPSOH WKLFNQHVV PHDVXUHG DORQJ WKH HOHFWURQ EHDP
GLUHFWLRQEXWWKHRSWLFDOSDWKOHQJWKWKH;-UD\VKDYHWRWUDYHOWKURXJKWKHVDPSOHWKDW
LVUHOHYDQWIRUWKHDEVRUSWLRQFRUUHFWLRQ 
 
,QWURGXFWLRQ 
 
(OHPHQWDO PDSV VKRZ WKH VSDWLDO GLVWULEXWLRQ RI FKHPLFDO HOHPHQWV LQ DQ XQNQRZQ
VDPSOH (OHPHQWDO PDSSLQJ LQ D WUDQVPLVVLRQ HOHFWURQ PLFURVFRSH 7(0 FDQ EH
SHUIRUPHGE\HQHUJ\GLVSHUVLYH;-UD\VSHFWURVFRS\(';6:DWDQDEHHWDO
HOHFWURQ HQHUJ\-ORVV VSHFWURVFRS\ ((/6 &ROOLH[ HW DO  RU HYHQ ZDYHOHQJWK
GLVSHUVLYH VSHFWURVFRS\ :'6 DOWKRXJK WKH ODWWHU LV EHWWHU DQG PRUH FRPPRQO\
DSSOLHGWREXONVDPSOHVLQDVFDQQLQJHOHFWURQPLFURVFRSH6(0'XQFXPE,I
VSHFWUDDUHUHFRUGHGDQGHYDOXDWHGDWHDFKSL[HOQHWLQWHQVLW\PDSVRIWKHGLVWULEXWLRQ
RIFKHPLFDOHOHPHQWVFDQWKXVEHREWDLQHGDIWHUEDFNJURXQGVXEWUDFWLRQ7KHVSHFWUDO
LQWHQVLW\LVVWURQJO\UHODWHGWR WKHQXPEHUDQGW\SHRIDWRPVH[FLWHGDQGWKXVWR WKH
VSHFLPHQWKLFNQHVVLQD7(0DQGIRU(';6LWDOVRGHSHQGVRQFROOHFWLRQVROLGDQJOH
WDNH-RIIDQJOHDQGGHWHFWRUZLQGRZW\SHDQGWKLFNQHVV:LOOLDPV	&DUWHU)RU
DIL[HGVHW-XSRI(';6GHWHFWRUW\SHDQGSRVLWLRQZLWKUHVSHFWWRWKHHOHFWURQEHDP
GLUHFWLRQ RQO\ WKH JHRPHWU\ RI WKH VDPSOH DQG WKH EHDP FXUUHQW LQIOXHQFH WKH
LQWHQVLW\RIWKHVSHFWUD,IWKH7(0VSHFLPHQLVQRWSHUIHFWIODWDEVRUSWLRQFRUUHFWLRQV
VXFKDV=$)*ROGVWHLQ	:LOOLDPV7L[LHU7KRPDV	%RXUJHRWZKLFK
LV D VWDQGDUG DEVRUSWLRQ FRUUHFWLRQPXOWLSO\LQJ WKHVSHFLPHQ WKLFNQHVVE\ WKHFRVHF
IXQFWLRQ RI WKH WDNH-RII DQJOH ZLOO EHFRPH LQYDOLG 8QIRUWXQDWHO\ D SUHFLVH
PHDVXUHPHQWRIWKH;-UD\RSWLFDOSDWKOHQJWKLQDURXJKVDPSOHLVDOPRVWLPSRVVLEOH
KRZHYHUWKHLQIOXHQFHRIWKHVDPSOHWRSRJUDSK\RQWKH*D./UDWLRFDQEHGLUHFWO\
PHDVXUHGLQJDOOLXPFRQWDLQLQJVSHFLPHQVVXFKDV,Q*D17KHUHIRUHLWLVSRVVLEOHIRU
D URXWLQH WR DXWRPDWLFDOO\ VHOHFW D VXLWDEOH N-IDFWRU EDVHG RQ WKH *D ./ UDWLR
PHDVXUHG LQ WKH VDPH VSHFWUXP WR LQWHUSRODWH WKH UHODWLYH DEVRUSWLRQ RI WKH LQGLXP
/-OLQH DQG VR WR TXDQWLI\ WKH FKHPLVWU\ RI D URXJK ,Q*D1 VDPSOH DW HDFK SRLQW
ZLWKRXW WKH QHHG IRU D VSHFLPHQ JHRPHWU\ PHDVXUHPHQW :H KDYH WHUPHG VXFK
DEVRUSWLRQFRUUHFWLRQIDFWRUVLISORWWHGYVPHDVXUHG./UDWLRVN-IDFWRUV4LXHWDO
:DOWKHU	:DQJ,WLVZRUWKSRLQWLQJRXWWKDWWKHN-IDFWRUPHWKRGGRHV
DOVRQRWQHHGWKHHOHFWURQEHDPFXUUHQWWREHPHDVXUHGLQFRQWUDVWWRWKH]HWD-IDFWRU
PHWKRGZKLFK UHFRYHUV WKHPDVV-WKLFNQHVVSURGXFW LQGLUHFWO\ IURP WKLVE\ LWHUDWLRQ
:DWDQDEH+RULWDDQG1HPRWR 
 
([SHULPHQWDOWHFKQLTXHV 
 
,Q WKLV SDSHU D N9 -(2/ ) HTXLSSHG ZLWK D 6FKRWWN\ ILHOG-HPLVVLRQ JXQ
)(* LV XVHG IRU H[FLWLQJ ;-UD\V IURP DQ ,Q*D1 WKLQ ILOP VSHFLPHQ (OHPHQWDO
PDSSLQJ ZDV FDUULHG RXW XVLQJ DQ 2[IRUG ,QVWUXPHQWV 6L/L GHWHFWRU ZLWK XOWUDWKLQ
ZLQGRZ DW QRPLQDO R WDNH-RII DQJOH 3DUUL 4LX DQG :DOWKHU  7KH HQHUJ\
UHVROXWLRQ RI WKH (';6 V\VWHP YDULHV IURP H9 ):+0 RI VWUREH WR H9
):+0RI0Q.DpeakDWH9ELWu100 pixels mapsZLWKDVDPSOLQJRI
QP SHU SL[HO KDYH EHHQ REWDLQHG E\ XVLQJ WKH 2[IRUG ,QVWUXPHQWV ,6,6 
VRIWZDUHDQGDPLFURPHWHUFRQGHQVHUDSHUWXUHLQ67(0PRGH\LHOGLQJaPUDG
VHPL-DQJOH RI FRQYHUJHQFH DQG D SUREH aQP LQ GLDPHWHU /DWHU UHODWLYH WKLFNQHVV
PDSVZHUHUHFRUGHGIURPWKHVDPHUHJLRQXVLQJHQHUJ\ILOWHUHGWUDQVPLVVLRQHOHFWURQ
PLFURVFRS\ ()7(0 LQ D -(2/ 5 = PLFURVFRSH RSHUDWHG DW N9 DQG
HTXLSSHG ZLWK FROG )(* D *DWDQ 7ULGLHP (5 LPDJLQJ HQHUJ\ ILOWHU DQG DQ
8OWUDVFDQNFKDUJH-FRXSOHGGHYLFH &&'FDPHUD$PPHQWUDQFHDSHUWXUHZLWK D
PUDGFROOHFWLRQVHPL-DQJOHIURPDȝPREMHFWLYHDSHUWXUHZDVXVHGWRUHFRUG
()7(0LPDJHVIURPZKLFKUHODWLYHWKLFNQHVVPDSVZHUHFDOFXODWHG 
7KHVDPSOHLVDQ,Q[*Dx1QRPLQDO[ WKLQILOPFURVV-VHFWLRQDOVSHFLPHQWKDW
ZHKDYHSUHYLRXVO\DQDO\VHGE\;-UD\DQGSODVPRQVSHFWURVFRS\:DQJHWDO
ZKLFKJDYHDQDYHUDJHLQGLXPFRQWHQWRI[ 7KHVDPSOHZDVJURZQLQDVKRZHU
KHDG$,;7521UHDFWRUXVLQJWULHWK\O-JDOOLXP7(*DWULPHWK\O-LQGLXP70,QIRU
WKHPHWDOVDQG1+ IRUQLWURJHQRQD VDSSKLUHVXEVWUDWH'XH WR WKHKLJK ,Q
FRQWHQW WKH -QP WKLFN ,Q*D1 ILOP ZDV XQGHU KLJK FRPSUHVVLYH VWUDLQ DQG
IRUPHG LVODQGV a QP KLJK DQG -QP LQ OHQJWK 7KH 7(0 VSHFLPHQ ZDV
SUHSDUHG E\ FRQYHQWLRQDO JULQGLQJ DQG GLPSOLQJ IROORZHG E\ DUJRQ LRQ PLOOLQJ $
*DWDQ3,36LRQPLOOLQJV\VWHPZDVRSHUDWHGDWNH9GRZQWRNH9LRQHQHUJ\IRU
ILQDOSROLVKLQJWRPLQLPL]HWKHLRQEHDPGDPDJHWRWKHVSHFLPHQ 
 
$SSO\LQJDEVRUSWLRQFRUUHFWHGPHWKRGWR(';6HOHPHQWPDSSLQJ 
 
7KH VHOI-FRQVLVWHQW ;-UD\ DEVRUSWLRQ FRUUHFWLRQ PHWKRG HPSOR\LQJ N-IDFWRUV DV
GHILQHG :DOWKHU	:DQJ DQG WHVWHG IRU LQGLYLGXDO VSHFWUD :DOWKHU	:DQJ
 LQ RXU SUHYLRXV ,Q*D1 ZRUN ZDV DSSOLHG WR FDOFXODWH WKH LQGLXP FRQWHQW IRU
HDFKSL[HORIWKH;-UD\HOHPHQWDOPDS,Q/*D.DQG*D/PDSVDQGVHYHUDOPDSVIRU
EDFNJURXQG FRUUHFWLRQ ZHUH UHFRUGHG WR FRQVWUXFW EDFNJURXQG VXEWUDFWHG LQWHQVLW\
PDSV RI ,,Q/ ,*D.DQG ,*D/ 7KH FKRLFH RI QRPLQDO EDFNJURXQG IROORZV WKH µ)LRUL¶
GHILQLWLRQ)LRULHWDOZKHUHWKHEDFNJURXQGPDSZDVUHFRUGHGIRUDQRPLQDO
HOHPHQWWKDWWKHVSHFLPHQGLGQRWFRQWDLQEXWZKRVH;-UD\OLQHVZHUHFORVHWRWKDWRI
WKH HOHPHQWRI LQWHUHVW 7KHQ OLQHDU H[WUDSRODWLRQ RU LQWHUSRODWLRQ LI SHUIRUPHG IRU
VHYHUDOOLQHVRQERWKVLGHVRIWKHUHDOOLQHVFRXOGEHXVHGWRVXEWUDFWDQDSSUR[LPDWH
EDFNJURXQGPDS7KHEDFNJURXQGPDSVQRWVKRZQDVGRPLQDWHGE\VKRWQRLVHRID
IHZFRXQWVDQGWKH*D./PDSVVKRZQLQ)LJXUHZHUHVXEVHTXHQWO\VPRRWKHGE\
DhSL[HOVORZSDVVILOWHUWRUHGXFHQRLVHEHIRUHIXUWKHUSURFHVVLQJ7KHQPDSVRI
WKHN-IDFWRUVIRU,Q/ZLWKUHVSHFWWR*D.DQG,Q/ZLWKUHVSHFWWR*D/ZHUHJHQHUDWHG
E\XVLQJWKHVPRRWKHG*D./PDSDQGFRPSDULVRQWR0RQWH&DUORVLPXODWLRQV3DUUL
4LX 	 :DOWKHU  :DOWKHU 	 :DQJ  6LQFH WKH N-IDFWRUV FKDQJH
H[SRQHQWLDOO\ DV D IXQFWLRQ RI *D ./ UDWLR ZKLFK LQ WKLQ UHJLRQV ZKHUH WKH FRXQW
UDWHV DUH ORZ FDQ EH YHU\ QRLV\ ZH FRQILQHG WKH *D ./ UDWLR WR WKH SK\VLFDOO\
PHDQLQJIXO UDQJH RI - E\ WKUHVKROGLQJ 7KH EDFNJURXQG VXEWUDFWLRQ ZDV ILQH
WXQHG WR IUDFWLRQDO FRXQWV WKH 2[IRUG ,6,6 VRIWZDUH RQO\ ZRUNV ZLWK LQWHJHU FRXQW
QXPEHUV LQ WKH SXUH *D1 DUHD E\ VXEWUDFWLQJ D IUDFWLRQ RI WKH VPRRWKHG QRPLQDO
EDFNJURXQGRIWKHRUGHURIDIHZFRXQWVIRU*D/DQGIUDFWLRQVRIDVLQJOHFRXQWIRUDOO
RWKHU OLQHV VR WKDW WKH UHVXOWLQJ [ PDS KLVWRJUDPV FRXOG EH ILWWHG E\ *DXVVLDQ
GLVWULEXWLRQ IXQFWLRQV FHQWHUHG DW ]HUR FI )LJXUH  ,W LV QRWHG WKDW WKLV ZDV RQO\
QHFHVVDU\ DV RXU YLQWDJH DFTXLVLWLRQ VRIWZDUH FDQQRW VWRUH ZKROH VSHFWUDO GDWD VHWV
ZKLFK LV SRVVLEOH LQ PRGHUQ V\VWHPV DQG WKHQ DOORZV D PXFK PRUH UHOLDEOH
EDFNJURXQG ILW IRU HDFK ;-UD\ OLQH DW HDFK SRLQW ZKHQ JHQHUDWLQJ PDSV 7KHQ ZH
KDYHDSSOLHGWKHN-IDFWRUFRUUHFWLRQWRHYHU\SRLQWLQWKH,Q/*D.DQG*D/PDSVDQG
WKXVREWDLQHGLQGLXPFRQFHQWUDWLRQPDSVXVLQJ*D.RU*D/OLQHVIRUTXDQWLILFDWLRQ 
 
([SHULPHQWUHVXOWDQGGLVFXVVLRQ 
 
)LJXUHD LV DQ DQQXODUGDUN ILHOG LPDJHZKHUH UHJLRQV WKLFNHURU ULFKHU LQ LQGLXP
DSSHDUEULJKWHU7KHOLJKWJUH\PDWHULDODWWKHERWWRPOHIWLVWKH*D1EXIIHURQZKLFK
DQ aQP WKLFN ,Q*D1 LV YLVLEOH DV D EULJKW VWULSH RQ WRS RI ZKLFK WZR IDFHWWHG
,Q*D1LVODQGVDUHORFDWHGWKDWDSSHDUWRKDYHEHHQFXWWKURXJKDQGVRDUHWKLQQHULQ
WUDQVPLVVLRQDVFDQEHVHHQIURPWKHUHODWLYHWKLFNQHVVPDSLQ)LJXUHE,WLVFOHDU
WKDWWKHILOPEHORZRQHLVODQGLVPXFKWKLQQHUDWLWVEDVH6XFKWURXJK-OLNHVWUXFWXUHV
KDYHIUHTXHQWO\EHHQREVHUYHGLQWKLVVDPSOH:DOWKHUHWDO  
 
 
)LJXUH  D $') LPDJH DQG E UHODWLYH WKLFNQHVV PDS ( N9 ȕ PUDG
PLQ  PD[  ZKHUH WȜ  LQ WKH IDLQWO\ YLVLEOH VTXDUH RI FDUERQ
FRQWDPLQDWLRQIURP()7(0ZLWKSRVLWLRQIRUOLQHSURILOHLQ)LJXUHDVLQGLFDWHG 
 
$ UHODWLYH WKLFNQHVV PDS ZDV UHFRUGHG E\ ()7(0 WR PHDVXUH WKH WKLFNQHVV RI WKH
VDPHDUHD ,Q)LJXUHE WKH UHJLRQXQGHUQHDWK WKH ODUJHU LVODQG FOHDUO\ KDV D KLJK
GHJUHHRIORFDOWKLFNQHVVFKDQJH7KHDEVROXWHWKLFNQHVVRIWKHVDPSOHKDVWKHQEHHQ
FDOFXODWHGE\PXOWLSO\LQJWKHUHODWLYHWKLFNQHVVWO)PDSIURP)LJEE\WKHYDOXH
RIWKHLQHODVWLFPHDQIUHHSDWKO, under the approximation  ߣ ൌ ଵ଴଺୊ ாబ ாౣ ?୪୬ሺଶఉாబ ாౣ ? ሻ   
ZKHUH( LVLQFLGHQWHOHFWURQHQHUJ\LQNH9E is the collection angle in mrad, )LVD
UHODWLYLVWLF IDFWRU DQG (P LV WKH DYHUDJH HQHUJ\ ORVV LQ H9 ZKLFK IRU D PDWHULDO RI
DYHUDJH DWRPLFQXPEHU = LV DSSUR[LPDWHO\ JLYHQE\ = (JHUWRQ= IRU
WHUQDU\,Q[*Dx1DOOR\FDQEHH[SUHVVHGDV ୍ܼ୬ୋୟ୒ ൌ ሺଵି୶ሻ ଷଵభǤయା୶  ସଽభǤయାଶu଻భǤయሺଵି୶ሻ ଷଵబǤయା୶ ସଽబǤయାଶu଻బǤయ    
$ OLQH SURILOH DORQJ OLQH$% LQ )LJXUH E FRQYHUWHG LQWR DEVROXWH WKLFNQHVV YDOXHV
XVLQJDERYHHTXDWLRQVȜ QPIRU,Q*D1DIWHUVXEWUDFWLRQRIWKHUHODWLYHWKLFNQHVV
RIWKHFDUERQILOPLVVKRZQLQ)LJXUH$VVXPLQJWKHWKLFNQHVVGURSVJUDGXDOO\IURP
QP LQ WKH *D1 EXIIHU OD\HU WR DURXQG QP LQ WKH ,Q*D1 WKLQ ILOP DUHD
XQGHUQHDWK WKH DYHUDJH GHSWK RI WKH GHSUHVVLRQ QHDU WKH LQWHUIDFH LV aQP 7KH
ZLGWK RI WKLV SUHIHUHQWLDOO\ WKLQQHG DUHD DORQJ WKH JURZWK GLUHFWLRQ LV QP ;-UD\
SKRWRQVJHQHUDWHGQHDU WKHERWWRPRI WKLV WKLQQHG UHJLRQ WKHUHIRUHFDQQRW UHDFK WKH
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